Fabricating 3D sponge anode composed of interconnected CNTs without base materials. MFCs with CNT sponge generated 170 W m À3 , 40% higher than that from carbon felt. Charge transfer resistance of the CNT sponge was 13 times lower than carbon felt. Materials cost of producing the CNT sponge was estimated to be~$0.1/g CNT . 3D CNT sponge synthesis process is scalable.
Introduction
Microbial fuel cells (MFCs) generate clean power from wastewater by converting chemical energy into electrical energy [1] . This power is generated through catalytic activities of microorganisms that oxidize biodegradable organic substrate in wastewater, releasing electrons and protons that are then captured in the form of electricity [2] . However, low power production and high cost remain to be the major hurdles for MFCs to become economically viable [2] . One major part of such cost is the anode, which should be highly conductive to allow efficient electron transfer between electrically active bacteria (EAB) and the anode as well as have larger surface area that allows EAB attachment throughout the anode with low cost [3] . The three-dimensional (3D) structure is of particular benefit to anodes. When a biofilm grows from a planar electrode, EABs close to the exposed surface of the electrode mainly participate in electron transfer. However as biofilm grows and becomes thick up to several tens of micrometers, electrons generated from the EABs are not properly transferred to the electrode due to low electrical conductivity of the biofilm. Therefore, it is necessary to alleviate these drawbacks while minimizing the cost of the anodes.
While most commonly used anode materials are carbon cloth, carbon felt, and carbon paper [4, 5] , it has been found that 3D carbon brush structures can significantly increase power output by maximizing the contact of EABs to anode, and are now also broadly used [6] . In carbon brushes, straight long carbon fibers whose diameters are 7e10 mm are arranged in the radial direction that allows EABs to be attached throughout the brush electrode. This brush design is superior to 2D electrodes (eg. carbon cloth, carbon paper) because of the large surface area per volume. However the large spacing between the carbon fibers (typically in several tens to hundreds of micrometers) and relatively high ohmic resistance of this material leave further room for significant improvement.
Various nanomaterials have been explored to overcome such limitations, such as metal nanoparticles [7] , graphene [5,8e11] , carbon nanotubes (CNTs) [12e18], and polymer composites with embedded nanoscale carbon materials [19e21] , all providing orders of magnitude higher surface areas than that of 2D electrodes (<1 m 2 g À1 ) and 3D brush electrodes (~0.7 m 2 g À1 ). However these nanomaterials generally require some sort of 2D or 3D support substrates such as carbon paper [16] , carbon cloth [17] , textile [13] , and stainless steel mesh [18] , which contains less conductive materials and/or limits thickness of nanomaterial layers to have 3D structures. Recent development in 3D nanostructures may alleviate such drawbacks. For instance, a graphene coated sponge [10] with stainless steel as a current collector, a graphene modified nickel foam [9] , a graphene foam coated with polyaniline (PANI) [21] all have shown high performances by allowing efficient electron transfer and mass transport by combining highly conductive nanomaterials with 3D structures. Nonetheless, most of these highperformance 3D structured electrodes typically require complicated synthesis processes such as carbonization and reoxidation [8, 19] . This complexity significantly increases the cost of the electrodes as well as difficulties for scale-up, which make these high performance electrodes impractical for most MFC applications.
Here, we synthesized porous and flexible 3D CNT sponges by using a simple and facile one-step process without the need for any substrates or base/sacrificial materials. One-step synthesis that does not require any pre/post processes such as catalyst deposition on substrates or removal of unwanted materials is advantageous to fabricate them in a short time. The spontaneously formed sponge is also scalable, which makes it suitable for low-cost bulk manufacturing. The 3D CNT sponge anodes were tested in various sizes of MFCs to characterize their power densities.
Experimental

Preparation and characterization of CNT sponge electrode
To synthesize the CNT sponge, a chemical vapor deposition (CVD) method was employed ( Fig. 1a) . A three-zone furnace (Lindberg/Blue M STF55346C) equipped with a quartz tube (1 inch in diameter) was used to individually control the temperature of the reaction zones. Ferrocene (Sigma Aldrich, 98%) and ethylene gas (Airgas, 99.999%) were used as a catalyst and a carbon source, respectively. The quartz tube was first purged with argon gas (Airgas, 99.999%) for 10 min under 400 sccm followed by switching the gas to H 2 (Airgas, 99.999%) with 260 sccm. The furnace was then heated with programed temperature ramping rate. The reaction temperatures for zone 1 and zone 3 were set to 120 C and 650 C, respectively. The temperature ramping rate for zone 1 and zone 3 were set to 5 C/min and 65 C/min, respectively. After zone 1 reached 120 C, ethylene gas (Airgas, 99.999%) of 80 sccm and argon gas of 80 sccm were introduced to the furnace tube. After a 30-min growth reaction, a CNT sponge with~10 cm in length and 22 mm in diameter was formed (Fig. 1b ). The furnace was naturally cooled to room temperature under 200 sccm Ar flow. Considering the low cost of raw materials, facile synthesis procedures, and high yields, this presented method is suitable for producing bulk-quantity sponge-like CNT structures.
CNT sponge morphologies were inspected by using a scanning electron microscope (SEM: Quanta 600, FEI) and a transmission electron microscope (TEM: JEM-2010, JEOL) before and after MFC operations. Raman data was obtained with a Raman confocal microscope (Jobin-Yvon LabRam, Horiba) with 632.8 nm excitation wavelength.
MFC setup and operation
As anode, along with carbon felt (Morgan, UK) for comparison, was tested in three different sizes of two-chamber MFCs ( Fig. S1 and Fig. S2 for schematic illustration). Three different chamber sizes were used to fully characterize the CNT sponge anode performances at various sizes. Small (SMFC), medium (MMFC), and large MFC (LMFC) have two chambers (anode and cathode chambers) of 0.5, 20, and 120 mL, respectively. The two chambers were separated by a proton exchange membrane (PEM) (Nafion 117™, Ion Power Inc.; 1 cm 2 for SMFC; 7 cm 2 for MMFC; 19.6 cm 2 for LMFC) that was placed between silicon rubber gaskets to prevent liquid leak. CNT sponge anodes (1 Â 1 Â 0.3 cm 3 ; same for all MFCs) and carbon cloth cathodes (1 Â 1 cm 2 for SMFC; 2 Â 2 cm 2 for MMFC; 3 Â 4 cm 2 for LMFC) having platinum catalysts on one side (10 wt% Pt/C, 0.5 mg of Pt per cm 2 , ElectroChem, Inc.) were used. Titanium wires were used to connect the electrodes for electrical connection.
The anode chambers were inoculated with anaerobically activated sludge (Austin Wastewater Plant). The anode chambers were fed with a medium containing sodium acetate (1.5 g L À1 ) and autoclaved anaerobic nutrient mineral buffer (NMB, pH 7.0) solution [22] . The MFCs were operated in a batch mode and acetate was inoculated after the voltage dropped below 50 mV. Nitrogen was purged for 15 min to make the chambers anaerobic after each inoculation. The medium was mixed by using a magnetic stirrer at 350 rpm during the experiment (only for the MMFC and LMFC due to the size limitation). The cathode chambers were filled with 100 mM ferricyanide ([Fe(CN) 6 ] 3À ).
Cell voltage across a load resistor (1 kU) was recorded every 120 s using a multiplexer (NI PXI-2575, National Instruments) for continuous voltage measurements via a LabView™ (National Instruments) interface [23] . Polarization curves were obtained by varying the load resistor from 10 kU to 100 U when voltage was stable after several operation cycles. Power (P) was calculated by P ] V 2 $R À1 based on the recorded voltage (V) and load resistance (R). The current and power densities were normalized by the volume of anode (0.3 mL) or anode chambers (0.5, 20, 120 mL) for each case.
Electrochemical impedance spectroscopy (EIS) measurement
EIS data was obtained with an electrochemical workstation (604D, CHI) with the MMFC setup to test both the CNT sponge and carbon felt at the open circuit voltage (OCV) in the frequency range of 0.01 Hze100 kHz with an ac signal of 5 mV amplitude after the MMFC was operated for~50 days. The impedance data was measured in a two-electrode mode, using the CNT sponge anode as the working electrode and the Pt cathode as both the counter and reference electrodes.
Biofilm characterization
To inspect the biofilms on the CNT sponge and carbon felt, the anode was first rinsed with phosphate buffered saline (PBS), and then microbes were fixed using 4% glutaraldehyde and 4% formaldehyde for 5 h. The samples were carefully rinsed three times in PBS (pH 7.0) and then once in deionized water, followed by a series of dehydration steps using increasing concentrations of ethanol (25, 50, 75, and 95 wt%; 10 min for each stage with very gentle periodic agitation) and then thorough drying at room temperature overnight. The samples were coated with~5-nm thick Pt/Pd for inspection under the SEM.
Results
Fabrication and characterization of CNT sponge
As-synthesized CNT sponge ( Fig. 1c ) shows highly porous structure (~98% porosity), and is comprised of randomly oriented and entangled CNTs. The structural integrity is partially resulting from the entanglement of the CNTs, which is key in allowing the 3D free-standing feature. The entangled and porous structures rather than densely-packed clumped ones are ideal for microbes to penetrate and grow from the exposed surfaces of the CNTs. The percolated CNT networks also provide excellent pathways for electrons to travel through. Further TEM inspection (Fig. 1d ) displays the graphitic layers of the CNT, suggesting excellent electron transport through the CNT. In Raman spectra (Fig. 1e ), the intensity ratio of D-band (1330 cm À1 ) to G-band (1580 cm À1 ), which is commonly used as a qualitative number to show the defect density in the graphitic structure, was found to be I D /I G ¼ 0.54. This suggests that the presented CNT sponge has a relatively high density of defects like dangling bond, which makes the CNT surfaces more reactive. As seen in Fig. 1d , the outer graphitic layers are more or less discontinuous, but aligned straight lines indicating stacked graphitic layers were observed for the inner part of the CNT. This implies that the inner walls are still excellent electron conductors while the outer walls are adequate to interact with microbes due to the relatively high surface energy. pep interactions between the graphitic layers and microbial nanowires are expected to make the attachment of microbes on the CNTs even more favorable [3, 18, 24 ].
CNT sponge as anode in MFC
We first tested the CNT sponge anode in the SMFC. The voltage increased to~250 mV over a 1 kU load resistor in about one day, as shown in Fig. 2a . Meanwhile carbon felt anode produced a slightly lower voltage of 170 mV. The volumetric maximum power density (normalized by the anode chamber volume of the SMFC) generated by the CNT sponge anode was~170 W m À3 , which was approximately 1.4 times higher than that of a commercial carbon felt (~120 W m À3 ), as shown in Fig. 2b . Here the CNT sponge and carbon felt electrodes filled approximately 60% of the anode chambers.
In order to evaluate the long-term performance of the CNT sponge anode, the MMFC whose anode chamber volume is 40times larger (20 mL) was used since the SMFC required frequent media replenishment. Five days after inoculation with wastewater, voltage over a 1 kU load resistor reached a higher voltage of 550 mV (Fig. 3a) , which was maintained for more than 50 days, indicating its high stability. The maximum volumetric power density (normalized by the anode chamber volume) of the MMFC with the CNT sponge anode (14.1 W m À3 ) was 1.3 times higher than that of the MMFC with carbon felt (10.8 W m À3 ), as shown in Fig. 3b . The percentage improvement was similar to that obtained when using the SMFC. This long-term test result shows that the porous 3D CNT sponge anode developed here has better performance compared to commercial carbon felt frequently used as 3D anode materials in MFCs. This improved performance could be attributed to more uniform biofilm growth on the CNT sponge compared to that of the carbon felt, based on the SEM images after 50 days of operation ( Fig. 3c,d for the CNT sponge anode; Fig. 3e ,f for the carbon felt). CNTs were not observed in the CNT sponge anode, suggesting that microbes completely and uniformly covered the entire surface of the CNT sponge anode. On the contrary, microbes on the carbon felt were mainly attached to the carbon fibers, resulting in non-uniform and less dense biofilm. This difference suggests a substantially improved contact between the anode and the biofilm in the case of CNT sponge, which can be due to high surface area of the CNT sponge as well as the pep interactions between the graphitic layers of the CNTs and the attached microbes.
Electrochemical impedance spectroscopy analysis
In addition to attachment and growth of EABs to the 3D anode structure, it is also important to have effective charge transfer from the EABs in the biofilm to the electrode. Such electron transfer can be indicated by the charge transfer resistances measured using electrochemical impedance spectroscopy (EIS). EIS were carried out with both the CNT sponge and carbon felt anodes used in the MMFCs after 50 days of operation. The Nyquist plot in Fig. 4 displays both semicircle in the high frequency region and sloping line in the low frequency region for both the CNT sponge and the carbon felt. The lowest real part indicating the ohmic resistance [25] were similar (5 U) since electrolyte solutions and MFC configurations for both cases were identical. On the other hand, the diameters of the semicircle indicating the charge transfer resistance [26, 27] were measured to be 4 U and 52 U, respectively for the CNT sponge and the carbon felt. This suggests a much superior charge transfer characteristics between the CNT sponge and the biofilm. From the SEM images in Fig. 3 , the biofilms on the CNT sponge were thick, continuous, and uniform, while those on the carbon felt were thin and concentrated near the fibers of the felt, which qualitatively explains why the charge transfer is more effective in the case of our sponge compared to that in carbon felt. This effective charge transfer can be attributed to the large surface area of the CNT sponge and the improved interaction between the CNT sponge and the microbes via pep interactions [18] .
Discussion
The CNT sponge anode was also tested in the LMFC having 6 times larger anode volume compared to the MMFC. The power densities of the CNT sponge anodes in the SMFC, MMFC, and LMFC cases were compared by normalizing against the sponge anode volume (Fig. 5a ) and the anode chamber volume (Fig. 5b ). Both normalization methods were used to be able to compare with literature values, as some report power densities based on the anode chamber volume and some based on the anode volume. It should be noted that the volume of the CNT sponge anode is identical for all experiments in this study. With larger chamber volumes, the power density per volume of the CNT sponge anode was highest, reaching 2150 W m À3 for LMFC, which is 2.3 and 7.6 times higher than those of the MMFC (943 W m À3 ) and of the SMFC (283 W m À3 ) (Fig. 5a ). This increase can be ascribed to more microbes in the larger MFC chamber, suggesting that active surface area of the CNT sponge is sufficiently large not to saturate the power generation. On the other hand, the power density normalized by the anode chamber volume was highest (170 W m À3 ) from the SMFC (Fig. 5b ), which has a significantly higher volume percentage (60%) of anode chamber occupied by the anode, compared to the cases of the MMFC (1.5%) and the LMFC (0.25%). These results suggest that it is better to have a large chamber volume to achieve high power generation. At the same time, filling a significant portion of the chamber volume with anode will be ideal to effectively utilize the total volume of the cell. We also expect that further study with single-chamber air-cathode MFCs may improve the maximum power density, which we plan to conduct as a follow-up study. Table 1 compares the power density of our CNT sponge anode with previously reported nanomaterial based 3D anodes in MFCs. Reported power densities in literature greatly vary not only depending on the MFC configurations (e.g., the number of chambers, the size of electrodes and PEM) and operating conditions (e.g., microorganisms and substrates used), but also depending on the size/volume of electrodes used to calculate the power densities and the volume ratio of the chamber to electrode. Among these representative results, our LMFC and SMFC were the best in terms of the power density per anode volume and per anode chamber volume, respectively. For example, when anodes were made of insulating polyurethane sponges decorated with commercially available CNTs [15] or graphene [10] by a dipping method, their power densities per chamber volume were, respectively, only 0.66 W m À3 and 1.05 W m À3 , significantly lower than our values, presumably due to poor electrical contact between the nanomaterials due to the insulating surfactants and/or binders. Test using 3D graphene sponge anode in a two-chamber MFC [8] resulted in a volumetric power density (per chamber volume) of 3.41 W m À3 , showing only 8% increase compared to that of carbon felt anode, potentially due to the small pore sizes in the graphene sponge anode.
Overall, most importantly, the synthesis process for the CNT sponges presented here is scalable, simple, facile, and inexpensive, compared to those in literature. For instance, longer and complicated processes such as polymerization and carbonization were necessary to obtain a 3D nitrogen-enriched carbon nanoparticle coated anode that resulted from the carbonization of PANI and natural fibrous loofah sponge [19] . Graphene oxide anode required very long (>2 days) processes with expensive nickel foams as substrates [9] . Our one-step processing method has a very low production cost of about~$0.1/g CNT or~$4.7/L, whose density is~47 mg/cm 3 , which is much lower than those of previously reported methods [28e33]. The calculated cost here is based on using 0.3 g of ferrocene ($108/500 g), 2.4 L of C 2 H 4 ($22 for/300 ft 3 ), 7.8 L of H 2 ($45 for 300 ft 3 ), and 2.4 L of Ar ($48 for 300 ft 3 ) for the 30 min synthesis time [34] . The total cost was then normalized by the current production rate of~3.6 g/h. This production rate was also orders of magnitude higher (~3.6 g/h, representing 20 cm/h of a 2.2 cm diameter CNT sponge) compared to other nanomaterial-based anode synthesis (~0.02 g/ h) [28, 29, 31, 32] . The process is also scalable, where the diameter of the CNT sponge is controlled by the diameter of the furnace tube used and the length is controlled by the synthesis time (currently 1 h to obtain a 20 cm long and 2 cm diameter CNT sponge). Thus simply using a larger-diameter furnace tube and longer synthesis time can easily result in scaled-up production of the presented 3D CNT sponge electrode materials. Here, the presented CNT sponge anode shows not only high power density in MFC applications, but also low cost and scalability, which will have broad applicability in microbial electrochemical cell systems (e.g., MFCs, microbial electrolysis cells, and microbial desalination cells) in general.
Conclusion
We fabricated a 3D sponge-like anode consisting of selfassembled, interconnected CNTs by using a facile and inexpensive one-step CVD method without substrates. The highly porous, flexible, and light-weight sponge anode generated higher power densities of 2150 W m À3 per anode volume and 170 W m À3 per anode chamber volume, compared to those in literature. These power densities were also higher than those of commercial carbon felt electrode tested with the same configuration. This improved performance can be attributed to enhanced charge transfer between the CNT sponge anode and microbial biofilm based on the EIS results, in addition to large surface areas and favorable pep interactions between microbial nanowires and CNTs. The low cost simple to fabricate 3D CNT sponge anode presented here provides a new concept for designing MFC anodes as well as promising approach to generate electricity from wastewater in large scale applications at economically viable cost. 
